Microscopic Coexistence of Antiferromagnetic and Spin-Glass States 
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The disordered antiferromagnet PbFe^Nb^Os (PFN ) is investigated in a wide temperature 
range by combining Mossbauer spectroscopy and neutron diffraction experiments. It is demonstrated 
that the magnetic ground state is a microscopic coexistence of antiferromagnetic and a spin-glass 
orders. This speromagnet-like phase features frozen-in short-range fluctuations of the Fe 3+ magnetic 
moments that are transverse to the long-range ordered antiferromagnetic spin component. 



Phase transitions in the presence of disorder and/or 
competing interactions are one of the central unresolved 
problems in modern condensed matter physics [TH3]. 
With both effects present, one may encounter a freezing 
of microscopic degrees of freedom without conventional 
long-range order. In magnetic systems, the correspond- 
ing phenomenon is referred to as a spin-glass (SG) tran- 
sition [1]. By now, spin glasses are reasonably well un- 
derstood for models with discrete (Ising) symmetries and 
long-range interactions [5, 6 . In contrast, for continuous 
(Hcisenberg and XY) symmetries with short-range cou- 
pling, the properties and sometimes the very existence 
of the SG phase remain a matter of debate [7HTT]. In 
particular, precious little is known on whether in such 
systems a SG phase can coexist with true long-range or- 
der Elena. 



Attempts to resolve these issues through numerical 
simulations of continuous models have met mixed suc- 
cess [TU1 E] ! due to a progressively degrading calculation 
precision in the immediate vicinity of the freezing tem- 
perature Tgc- On the other hand, experiments face their 
own unique challenges [H IL3] IT4]. Moment um-resolved 
(scattering) techniques are well-suited to probe micro- 
scopic quantities averaged over the entire sample, such as 
propagation vectors of emerging periodic structures and 
coherence scales. Their main drawback is their inabil- 
ity to distinguish a true microscopic coexistence of two 
types of ordering from simple phase separation pQ. In 
contrast to these, local-probe resonant methods have ex- 
cellent sensitivity to local environments. They are ideal 
tools for validating homogeneity on the microscopic level, 
but carry no information on spatial coherence. It is only 
by combining the two approaches that the coexistence 
of complex phases can be unambiguously established. In 
this Letter we report combined Mossbauer spectroscopy 
and neutron scattering experiments on the disordered an- 
tiferromagnet PbFe!/ 2 Nbi/203 . We prove that in this 
Heisenberg system a spin-glass state and true antifer- 
romagnetic long-range order coexist on the microscopic 
scale. 

Our target material, abbreviated PFN , is a well-known 
complex perovskite. Its structure is shown in Fig. [I] (left 




i 



o m o 



FIG. 1: Left: Structural motif of PbFe 1/2 Nb 1/2 3 . Right: 
Antiferromagnetic G-type order of Fe 3+ moments in the 
collinear phase (blue arrows) and proposed model for 
speromagnetic-like ordering in the antiferromagnetic spin 
glass phase (red arrows). The tilt angle $ randomly varies 
from site to site averaging to zero. Nb 5+ are non-magnetic. 



panel). The Pb ions reside at the corners of the unit 
cell, while oxygen octahedra surrounds the Fe and Nb 
sites. The material is nearly cubic with a lattice constant 
a = 4.01 A [15] . The magnetic Fe 3+ and non-magnetic 
Nb 5+ are randomly distributed over the B-sites of the 
perovskite lattice [T5J [TH]. AF long-range order occurs 
below Tn ~ 145 K. The Fe 3+ moments are arranged in 
a simple G-type structure |17j as shown by blue arrows 
in the right panel of Fig. [T] The spin glass state emerges 
at a lower temperature, Tgc ~ 12 K. It is manifested 
in a difference between magnetization curves measured 
in zero-field-cooled (ZFC) and field-cooled samples [18j . 
What is known from combined muon-spin rotation (^SR) 
and neutron scattering studies, is that the long-range AF 
order in PFN is not destroyed by the appearance of SG 
state [TH]- However, based on the magnetoelectric (ME) 
experiments, it has been argued that this coexistence 
is a phase separation [20]. In this model, the two type 
of order emerge independently on separate subsystems: 
infinite-range percolation cluster (AF) and isolated Fe 3+ 
ions and unblocked superantiferromagnetic Fe 3+ clusters 
(SG). Below we shall demonstrate that, in fact, the coex- 
istence is a single homogeneous phase, with the magnetic 
moments arranged in a speromagnetic-like fashion, as in- 
dicated by the red arrows in the right panel of Fig[lJ). 

In our PFN samples [21], the two phase transitions 
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FIG. 2: (a) DC susceptibility of PFN taken measured in 500 
Oe applied field following ZFC and FC protocols. Inset: AC- 
susceptibility taken in the range 10 2 - 10 4 Hz (b) Measured 
temperature dependence of the intensity of an antiferromag- 
netic Bragg peak in PFN (symbols), (c) Average hyperfine 
field (Bhf) obtained from the Mossabuer spectra as a func- 
tion of temperature. All lines are guides for the eye. 



are readily observed in macroscopic experiments. Fig- 
ure [2£i shows magnetic DC susceptibility versus temper- 
ature obtained using ZFC and FC protocols [21] • Below 
Tsg ~ 12 K the two curves diverge as is typical for a spin 
glass. SG behavior is further evidenced by the gradual 
frequency dependence of the rounded peak in AC suscep- 
tibility (Figure^, inset). In contrast, the small cusp in 
susceptibility which is due to AF ordering at Tn does not 



show noticeable history effects. These observations are in 
agreement with previous reports [HI |20l [23] ■ Of course, 
as any true long range ordering, the AF phase transition 
is best represented by the emergence of a new AF Bragg 
peak in neutron diffraction. The measured temperature 
dependence of the Q = (1/2,1/2,1/2) Bragg intensity 
is plotted in Figure [25]. As expected for an AF, the 
intensity of the magnetic Bragg peak (i. e. square of mag- 
netization) increases smoothly below Tn. 

Verifying the coexistence of the SG and AF phases the 
microscopic level calls for the use of microscopic local 
probes. For this purpose Mossbauer spectroscopy em- 
ploys magnetic nuclei already present in the material, in 
our case those of 57 Fe. In a paramagnetic state, the po- 
sition of the nuclear absorption line is the isomer (chem- 
ical) shift, related to the valence state of the ion. This 
line may exhibit additional quadrupolar splitting due to 
a non-spherical charge distribution around the ion, re- 
sulting in an electric field gradient at the nuclear site. 
In magnetically ordered phases, the degeneracy of the 
nuclear energy levels is further lifted by the local hyper- 
fine field at the nuclei, generated by the static sublattice 
magnetization. The resulting energy intervals between 
the lines are then a measure of the iron magnetic mo- 
ment. 

The way this scenario plays out in PbFei/2Nbi/203 is 
illustrated by the typical Mossbauer spectra shown in 
Fig. |] [26 ]. All data were collected on powder samples 
prepared by grinding either single crystals or ceramic ma- 
terial, with virtually identical results. At T=200 K, in 
the paramagnetic phase, a single structured line is ob- 
served (Fig. [3^,). The additional slight splitting is due 
to the above-mentioned quadrupolar effect [27] • For all 
samples studied in this work, the spectra measured at 
T > Tn can be fit (red line in Fig. [3]) assuming two 
types of Fc 3+ sites with distinct isomer shifts (blue and 
green line). As discussed elsewhere [27], the two differ- 
ent sites may correspond to local variations in chemi- 
cal short range order. Our analysis yields approximately 
equal populations for the two components [28 . The ob- 
tained isomer shifts can be unambiguously attributed to 
trivalent high spin iron Fe 3+ . 

Below Tn, the single line is split due to the appearance 
of long range order, as shown in Figs.[3]b-d. The temper- 
ature dependence of the measured average hyperfine field 
(Bhf) is presented in Fig. [2J;. In the AF phase, it follows 
the magnetic order parameter, as expected. However, 
a crucial new observation is that the unsplit component 
that dominated in the paramagnetic state, is no longer 
present below Tn- This immediately rules out the phase 
separation model of Ref . [30] • In the latter, the low tem- 
perature SG phase is confined to isolated spin clusters. 
Above Tsg these would simply be paramagnetic, and nec- 
essarily produce an magnetically unsplit resonance line. 
In contrast, our data show that all spins in the system 
are involved in the AF order. At the same time we note 
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FIG. 3: Representative Mossbauer spectra of PFN taken in 
the paramagnetic phase (a) and below its Neel temperature 
(b-d). Note a reduced velocity scale in panel (a). 



that the quadrupolar splitting, so clearly visible at high 
temperatures, is absent below Tn- This indicates a wide 
distribution of angles between the iron spin and the local 
axes of the electric field gradient tensor. 

Important clues to the nature of the ordered phases 
are obtained by a more thorough quantitative analy- 
sis [23 [29] • The simplest strategy is to treat the spectra 
as superpositions of two contributions with distinct hy- 
perfine fields. Even so, to obtain a good fit, one has to 
allow for an intrinsic and temperature-dependent broad- 
ening of the absorption lines, which implies a distribution 
of magnetic hyperfine fields. Assuming these distribu- 
tions to be Gaussian, and fitting the data to the resulting 
model, produces the fits shown in red lines in Figs.[3]b-d. 
The procedure consistently yields equal spectral weights 
of the two components at all temperatures. The hyper- 
fine fields for each one are separately plotted as a function 
of temperature in Fig. [4^,. 

Another experimental result that firmly supports a mi- 
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FIG. 4: The magnetic hyperfine fields for the two Fe sites 
(1,2) as deduced from the measured Mossabuer spectra, as 
described in the text. Labels "c" and "x" stand for ceramic 
and crystalline samples, respectively. 



croscopic coexistence of AF and SG orders is the mea- 
sured temperature dependence of the width oBy t / of the 
hyperfine field distribution (Fig. [4Jd). For both sites, 
aBh f gradually increases on cooling below Tn in the AF 
phase and reaches a broad maximum between 120 K and 
50 K. Below T ~ 50 K, the distribution width decreases 
drastically, and remains very small and constant below 
Tsg ~12K. The most natural interpretation of such be- 
havior is that line broadening is due to slow fluctuations 
of local magnetic fields within Mossbauer frequency win- 
dow (MHz to GHz). In this context, the narrowing of 
the lines at low temperatures indicates that the very 
same spins that were fluctuating the the AF state, become 
frozen in the SG phase. Such behavior is totally incon- 
sistent with the above-mentioned inhomogeneous model. 
A separation into smaller dynamic clusters and infinitely 
connected static AF cluster would result in narrower lines 
in the high temperature AF phase, where only the latter 
are present. 

That the magnetic state below about 10K is homo- 
geneous as sensed by the Mossbauer nuclei, is also sup- 
ported by the nearly coinciding saturation values of Bhj 
for the two contributions with distinct isomer shifts. 
These value are close to an average hyperfine field at sat- 
uration typically found in other Fe 3+ -based perovskites 
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[55] , suggesting a full recovery of the Fe 3+ moment at the 
lowest temperature. 

We are now in a position to propose a model for the 
low-temperature magnetic structure of PFN . As men- 
tioned, the variation of Bhf above 50 K (Fig.[2j:) roughly 
follows that of the AF long range order parameter de- 
termined by neutron diffraction (Fig. [2]d). It stands to 
reason that in this regime it mainly reflects the evolu- 
tion of the collinear long range ordered AF component 
(S Z (T)) of Fe 3+ (Fig. [I]d, blue arrows). The increase of 
mean magnetic hyperfine fields on cooling below 50 K 
(Fig. [2]:, green line), is reminiscent of precursor phenom- 
ena in ferromagnetic re-entrant spin-glass systems like 
AuFe [301 13T] or the mixed spinel Mgi +t Fe 2 -2tTi t 4 [32] , 
It represents a gradual freezing of transverse spin com- 
ponents within Mossbauer frequency window. In other 
words, there occurs a tilting of the ionic moments from 
the z direction set by the AF long-range order (Fig. [T]d, 
red arrows). The process culminates in a complete 
(static) freezing at T$q. From the change of B^f ob- 
served between 50 K and 4 K, we can roughly estimate 
the typical tilt angles to be ~ 30° and ~ 55°. 

Unlike the longitudinal component, the transverse one 
show no long-range correlations. For this reason, it con- 
tributes nothing to the AF Bragg peak intensity, and is, 
in fact be liable for the reduction of the latter observed 
at low temperatures (Fig. [2]d, green line). On the other 
hand, it contributes to the diffuse neutron magnetic scat- 
tering, previously observed in PFN [19]. 

In conclusion, at low temperatures, the Heisenberg sys- 
tem PbFe^Nb^Os realizes a unique combination of 
antiferromagnetic long range order for one set of spin 
components, and a spin glass state for the transverse 
ones. 

This work is partially supported by the Swiss National 
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